Serotonin is a neurotransmitter than has been identified across all forms of life. In recent years the presence and function of serotonin in plants (phytoserotonin) is becoming an increasingly active area of research. Serotonin has been found to function as a plant growth regulator, and a stress defense molecule. Through these functions serotonin has been implicated in mediation of morphogenesis, vegetative growth, reproductive development, seed germination and survival, abiotic and biotic stress survival and mediation of plant signaling and mediation of plant cycles. Despite its widespread importance in plants there is still very little understood about the mechanism of action of this important signaling molecule in plants, therefore, this review provides a brief overview of the roles and mechanisms of serotonin in the plant system.
Introduction
Serotonin (5-hydroxytryptamine) is an indoleamine neurotransmitter best recognized for its role in the mammalian central nervous system. Interestingly, this ancient molecule along with its biosynthetic product melatonin (N-acetyl-5-methoxytryptamine) originated in the first prokaryotic life forms on Earth, where it likely functioned as a protective molecule [1] [2] [3] [4] . Serotonin was first isolated in the enterochromaffin cells of the mammalian gut, in the 1930's, for its location it was initially named enteramine [5] , though later the name was changed to serotonin as the compound had been discovered and investigated separately during the 1940's [6, 7] . Despite significant attention directed towards understanding the role of serotonin in humans, thanks to its important roles in mood and behavior, far less is known about the function of serotonin in plants. Despite being identified in plants shortly after its discovery in animals, serotonin's function in plants has remained more elusive over the years. Serotonin was first found in the medicinal herb Mucuna pruriens (L.) DC (cowhage) in the 1950's [8] . Though interest in phytoserotonin was primarily focused on efforts to enhance production in several plant species in hopes of providing source materials for pharmaceutically relevant compounds [9] [10] [11] , interest in the role of serotonin in plants has slowly followed, and was greatly encouraged and supported by the discovery of its biosynthetic product melatonin in plants in the mid 1990's [12, 13] . This review provides a brief overview of the roles, mechanisms and functions of these important neurotransmitters in the plant system.
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Serotonin biosynthesis
In vertebrates, serotonin is produced from the essential aromatic amino acid tryptophan via the neuroactive compound 5-hydroxytryptophan (5-HTP) by first a hydroxylation reaction catalyzed by tryptophan hydroxylase (TPH), which is then followed by decarboxylation by aromatic amino acid decarboxylase (AADC) [14] . Similarly, plants first synthesize tryptophan via the chorismate pathway which is then decarboxylated by tryptophan decarboxylase (TDC) to form tryptamine, another bioactive amino acid and common secondary metabolite precursor. Tryptamine is then hydroxylated by tryptamine-5-hydroxylase (T-5-H) to form serotonin ( Figure 1 ) [9, 15, 16] . In plants, TDC is the rate limiting enzyme which controls flux through the pathway. Experiments involving manipulation of TDC using transgenic lines have shown downstream changes to serotonin and melatonin levels. This could function as a means of regulating direction of tryptophan to other important biosynthetic pathways such as the indole alkaloids, auxin or towards protein synthesis [17] [18] [19] . Though the biosynthesis and regulation of serotonin biosynthesis is a well characterized process in vertebrates the study of serotonin biosynthesis and control in plants is still a relatively young field and continues to be an area of active and promising research [20] .
Discovery and occurrence of serotonin in plants
Since its discovery serotonin has been identified in over 90 species and 37 plant families, with concentrations varying significantly with family, species, cultivar, tissue type, and stage of maturity [20] . Additionally, serotonin in plants has been found to vary widely with environmental factors including light levels and wavelength, abiotic and biotic stress and growth conditions, and location [20, 21] . For this reason, published values for serotonin content provide guidance as to the serotonin levels of different tissues, plants or samples, but do not represent an absolute standard concentration. This is of particular importance in considering the stated literature concentrations in medicinal and food crops, which are the most commonly investigated plants for serotonin content [20] . Plant growth conditions and geographical location may also be an important consideration as is the case for melatonin. Growth from vegetative cuttings vs seeds or specialized processes such as grafting or in vitro propagation, may also effect the indoleamine content of the tissues [20, 22] . Despite this diversity, many studies still provide interesting information as to the relative quantities. In vegetative tissues it appears that serotonin levels are highest in the aerial tissues of plants [23] [24] [25] . Reproductive tissues, such as fruits, flowers and nuts [26] [27] [28] , have been found to generally possess higher levels than vegetative tissues which fluctuate over time and maturity stage and even across the tissues [29] [30] [31] . Due to the strong antioxidant capacity of serotonin, it has been hypothesized that serotonin functions to protect these vulnerable tissues.
While interest in the role of serotonin in vertebrates quickly took off after its discovery with an ever increasing body of knowledge (Figure 2 ), interest in phytoserotonin was more restrained. This may be due to the less obvious role of serotonin in plants, or difficulty in studying serotonin in this system, as it is often present in low quantities. The discovery of melatonin in the mid 1990's has bolstered interest in phytoserotonin and research continues to grow in momentum since. With this new interest serotonin has been proposed as both an important phytohormone and stress defense compound, in its own right and in balance with melatonin, to direct plant growth and survival processes [12, 13, 22] . This balance has recently been compared to the balance between the two most well recognized phytohormones: auxins and cytokinins, whose balance is important in determining plant growth outcomes with high auxin levels promoting root production and high cytokinin levels promoting shoot production [22, 32] . The cytokinin-like effects of serotonin is discussed in further detail in the following section.
Vegetative growth and morphogenesis
Though it has only recently been recognized as an important plant growth regulator [22] , there exists significant evidence for the role of serotonin in mediating vegetative or non-reproductive growth and morphogenesis in plants [20] . For instance, serotonin has been found to be involved in plant processes spanning from organogenesis, and cell differentiation and division, through to reproductive growth protection of vulnerable tissues including reproductive tissues. Most notably, serotonin has been found to be a promotor of shoot production, growth and multiplication. It has also been found to be involved in biomass accumulation, delay of senescence and both seed germination and somatic embryogenesis [22] . The majority of works investigating the role of serotonin in plant growth have examined exogenously applied serotonin in plant culture systems. In both Hypericum perforatum L. and Mimosa pudica L. treatment with serotonin lead to an increase in shoot size and number and application of mammalian serotonin receptor inhibitors reversed this effect [33] [34] [35] . Furthermore, both auxin, an important phytohormone involved in almost every plant growth process and the first discovered plant growth regulator, was found to be an important mediator of this process. Additionally, calcium signaling cascades were identified as an important signal for these processes in H. perforatum, and M. pudica as well as in Coffea canephora Pierre ex A. Froehner [33] [34] [35] [36] . In vivo studies have also found a role for serotonin in shoot growth. In transgenic rice (Oryza sativa L.) that lack the downstream enzyme serotonin N-acetyltransferase (SNAT), which is involved in the conversion of serotonin to melatonin, serotonin content was increased and was associated with increased coleoptile growth but slower overall seedling growth [37] . In comparison, an earlier study by Kang et al. (2007) found that overexpression of TDC, which despite increasing serotonin levels by up to 25 fold, showed no difference in growth. This suggests that it is not purely carbon flux through the pathway, which is important but overall levels of each of the metabolites in the pathway [38] .
Serotonin has also shown a positive effect on root production in several species including mimosa, walnut (Juglans nigra L. x Juglans regia L.), sunflower (Helianthus annuus L.), barley (Hordeum vulgare L.) and the model plant Arabidopsis thaliana (L.) Heynh. [11, 35, 39, 40] . Several theories have evolved for the mechanism of serotonin in root growth. The first theory proposed that in walnut cultures serotonin was converted to auxin, a critical growth regulator for apical dominance and root growth, which then induced rooting. This was due to the observation that addition of serotonin in the medium lead to first a spike in serotonin levels followed by a decrease in serotonin and a correlating increase in auxin levels in the tissues [40] . This theory has not, however, been supported by more recent reports, such as that by Pelagio-Flores et al. (2011) , which is to date the most exhaustive investigation of the mechanism of serotonin action in root growth [39] . This report investigated mediation of A. thaliana root system architecture in response to serotonin treatment and found that serotonin at low doses promoted development and growth of existing lateral root primordia, while at high concentrations the opposite effect was observed. Primary root growth and root hair development were also inhibited, although adventitious root formation was enhanced. These effects were attributed to suppression of genes involved in both auxin biosynthesis and action in the lateral root primordia. It was also noted that though serotonin increased root number, this was not due to formation of de novo roots, but instead that it promoted growth and development of existing primordia. The authors therefore proposed that serotonin rather than enhancing auxin content or action, was found to be antagonistic to normal auxin function in root development [39] . Interestingly, follow-up studies in this system also found a role for ethylene and ROS signaling in this differential growth response [41] .
Another more recent report found the opposite effect of serotonin treatment in sunflower (H. annuus) where serotonin (20 µM) was found to enhance primary root and hypocotyl length after only four days of treatment [42] . Although these results may appear contradictory, the above is in line with many other processes in plants, many of which have different mechanisms and responses to common metabolites. Furthermore, differential effects at low vs. high dose is a defining feature of plant growth regulators, with positive effects generally being observed only at low concentrations, though low vs high is a relative definition with with 0.8 µM being low in some species, while 100 µM is low for others [11, 35] . These results further emphasize the importance of future studies into the role of serotonin in a greater diversity of plant species.
Reproductive development and embryogenesis
Though limited, studies investigating the role of serotonin during different stages of reproductive development indicate serotonin may help to protect reproductive tissues by acting as an antioxidant or detoxifier of ammonium. For example, studies involving walnut (J.regia) report varying levels of serotonin during different stages of seed development, with serotonin levels increasing as the endosperm degenerated into the seed coat. Upon abscission, serotonin was found to accumulate in the cotyledons [26, 43, 44] . Based on the above, as well as 15 N tracer studies it has been suggested that serotonin protects the developing embryo through its ability to act as a nitrogen source via the detoxification of ammonium in surrounding tissues [26, 45] . In addition to the above, a similar trend has been reported in wine grapes (Vitis vinifera L.) and Datura metel (L.). In grapes, véraison is an important stage during fruit ripening and embryo development whereby production of metabolites such as the anthocyanins is initiated in order to produce the characteristic red color of grapes, as well as their known antioxidant effect. As grapes begin to ripen serotonin levels were found to gradually increase, in coordination with a decrease in the nitrogen storage compound gamma-aminobutyric acid (GABA), thus further supporting the role of serotonin as a detoxifier of ammonium [46] . It is interesting to note that an opposite pattern was observed in fruits of D. metel, as serotonin levels were found to decrease as flowers developed into fruits. Furthermore, cold treatment of buds was found to increase levels of melatonin and serotonin and suggests further that serotonin is especially critical during the early stages of reproductive development in Datura [47] .
Pollen allelopathy plays an important role in ensuring growth of only compatible microspores, male gameotophytes, during sexual reproduction leading to successful fertilization and gamete compatibility [48] [49] [50] [51] . With respect to microspore development, research suggests that serotonin may promote germination through through modulation of cAMP signaling in knight's star (Hippeastrum spp.) and horsetail (Equisetum arvense L) [48, 49] . Based on that above studies, Roshchina (2006) hypothesized that serotonin may exhibit stimulatory effects upon microspore development via interactions with G-coupled receptors at the cell's surface which in turn cause a conformational change to ion channel subunits, followed by downstream modulation of cytoskeletal elements via actin and tubulin binding, resulting in changes in specific organelles via mechanical or electrical waves [50] . While the above mechanism is yet to be conclusively proven, previous studies demonstrating serotonin's ability to modulate ion transport across biological membranes helps to support this notion. For example, increased ion efflux for Ca 2+ and Mg 2+ within intact chloroplasts has been observed after application of serotonin, but not for Na + and K + . On the other hand, uptake of Na + was inhibited in beetroot, but not K after application of serotonin [52, 53] .
Equally as serotonin is capable of promoting growth and development of flowers, seeds and microspores, it has also been found to promote seed germination, increase coleoptile weight, and to promote hypocotyl elongation during germination of the embryo, all of which equates to an overall increase in seedling biomass [11, 42, 54] . Serotonin has been found to stimulate seed germination in plant species including radish (Raphanus sativus L.), barley, and walnut (J. regia) leading to effects such as improved radicle and coleoptile growth [55] .
The important in vivo role of serotonin in embryo protection has suggested that it may be useful in the application of other processes such as somatic embryogenesis. Somatic embryogenesis is utilized in plant tissue culture and occurs when diploid tissues are capable of producing diploid somatic embryos which can then be germinated to form new plants. The ability to manipulate plant cells through induction of embryogenesis is not only a useful tool for research, but also has multiple applications in agriculture including the production of artificial seeds and mass propagation. Exogenously applied serotonin has been found to be capable of enhancing somatic embryo numbers in an important commercial crop, coffee [36] . Further, it was found that embryogenesis was associated with calcium signalling cascades, similar to those described in mimosa [35] . Overall, fluctuations in serotonin levels during different stages of reproduction and the effects of exogenously applied serotonin in diverse species suggests that serotonin may regulate flowering and reproductive events including gamete compatibility and dormancy, while also protecting embryos during seed development. More research is needed in order to understand how these events are mediated.
Response to environmental stimuli and stress
Perhaps the best established role of serotonin is plants as a defensive molecule. Though this activity is often attributed to its role as a precursor for melatonin, and to its innate antioxidant capacity there is growing evidence for its capacity to mediate diverse biotic and abiotic stresses and interactions between plants and their environments via both specific and non-specific mechanisms.
Wounding is a common result of abiotic or biotic challenge caused by herbivores, breakage due to extreme weather events, pathogens, and insects among others. Plants respond via an arsenal of different means, including both specific and general responses to defend against further damage and heal existing damage. Serotonin almost certainly is utilized by plants to deter both herbivores and phytophagous (plant feeding) insects. Along with other neurotransmitters histamine and acetylcholine, serotonin has been found in the trichomes of both cowhage and stinging nettle (Urtica dioica L.) and has been found to induce the stinging sensation which gives stinging nettle its name [8, 56] . Serotonin's role as a neurotransmitter also presents an interesting role for it in defense against damage induced by phytophagus insects, such as caterpillars, thrips and mites. It is well established that insects use serotonin as a neurotransmitter, and though the amount of serotonin present in plant tissues would be unlikely to have an effect on a larger herbivore, the levels of serotonin observed could have a potent effect on insects. In addition to the fact serotonin receptors are present in the insect gut [57] , serotonin has been found to accumulate at the site of insect feeding in response to the striped stem borer in rice [58] . Serotonin has been found to have effects on insect physiology including effects on: locomotion, circadian rhythms, reproduction, and feeding among others [59] [60] [61] [62] [63] [64] [65] [66] .
Upon wounding plants have an immediate, acute response which first presents as enzymatic browning, due to disruption of cellular compartments which leads to oxidation of phenolics, by polyphenol oxidase [67, 68] . This is generally an undesirable response, and represents a significant challenge in the application of biotechnology such as in vitro culture or propagation methods which inherently require wounding of tissues. Though the potential innate roles of endogenous serotonin are limited in this context as levels are likely too low in tissues to have a significant effect, exogenously applied serotonin has been found to be an extremely effective anti-browning agent due to its potent antioxidant effects [45] . The endogenous antioxidant role for serotonin likely remains an important factor primarily in routine cellular processes and abiotic stress responses. The effect of serotonin on browning is particularly interesting as it supports the interaction between indoleamine and phenylpropanoid pathways, as serotonin has also been shown to act as a substrate for the phenolic biosynthetic enzyme caffeic acid O-methyltransferase [69] . Additionally, serotonin can also be conjugated to various phenolic substrates to form a class of compounds collectively referred to as hydroxycinnamic acid amides (HCAAs) which play important roles in plant growth and development as well as stress responses, including wounding due to herbivory or pathogen challenge [70] . HCAAs may also be important modulators of long distance signaling during wounding [20] . Serotonin plays pathogen specific roles and has been found to be involved in several downstream processes including programmed cell death, free radical scavenging, deterrence of sporulation, and anti-fungal activity. The first barrier to pathogen infection into cells is via physical and chemical barriers such as lignification of surrounding tissues. If the pathogen is capable of cell entry or infection then a variety of inducible defense mechanisms are induced which may be pathogen-specific or general and include molecular, biochemical and morphological changes such as oxidative burst, upregulation of defense related genes, and programmed cell death [71] . Plants also start to respond to infection via innate immune responses which involve hormone signaling, and further shifts in gene expression to signal far reaching parts of the plant and induce specific responses. Serotonin appears to play a role in all levels of the pathogen challenge response. In the sl (sekiguchi lesion) rice mutant, which lacks TDC activity, two HCAAs 4-coumaroyl-serotonin (CS) and feruloyl-serotonin (FS), as well as serotonin, were not produced; this was associated with increased susceptibility to infection [72] . Supplementation of these mutants with serotonin lead to improved resistance to pathogens via incorporation of serotonin into cell walls and increased production of sekiguchi lesions, i.e. programmed cell death, improved lignification, and upregulation of defense related genes [73, 74] . Additionally, CS and FS have both been found to have direct antimicrobial effects and be present at high levels in bamboo (Phyllostachys bambusoides Siebold & Zucc.), which seemed to confer resistance against witches broom (Aciculosporium take Miyake) [75] . Serotonin has also been found to act directly as a phytoalexin in wheat (Triticum aesativum L. genotype BG261) inhibiting growth of the fungal pathogen Stagonospora nodorum via modification of trehalose synthesis and promotion of production of the mycotoxin alternariol, though this effect was not universal across all wheat cultivars tested [76, 77] . Serotonin may also play an important role in long distance and rapid signaling in response to pathogen attack. One particularly intriguing hypothesis is the role serotonin may play in mediating oxidative burst and reactive oxygen species (ROS) mediated signaling in response to pathogen challenge. The plant NADPH oxidase RBOHD enzyme has been found to be involved in rapid long distance signaling and further to be mediated by expression of innate immunity related genes, particularly pattern recognition receptors (PRRs) [78, 79] . As serotonin is a potent antioxidant, accumulation of serotonin in the effected tissues may have a downstream effect on this signaling pathway. Lastly, serotonin is known to interact with other hormone signaling networks and though this has not been directly investigated in pathogen challenge, it is likely to have an effect.
The role of serotonin in abiotic stress is also significant. The ability of serotonin to mediate influx of ions into chloroplasts suggests it may also have a capacity to improve survival in response to salinity challenge [52, 53] . Indeed, a report in sunflower seedlings found this to be the case. Sunflower seedlings grown on sodium chloride showed increased primary root growth when supplemented with serotonin as compared to the untreated salt-grown control. Serotonin has also been found to be effective in mitigating the effects of heavy metal exposure in plants, though indirectly. Serotonin has relatively high capacity for binding cadmium to form stable complexes, and experiments in rice found that serotonin biosynthetic pathway genes including TDC, and T-5-H were upregulated in response to cadmium treatment [80, 81] . SNAT was in comparison downregulated with treatment. Though this report focused on the role of melatonin in heavy metal toxicity, increases in TDC and T-5-H paired with decreased activity of SNAT suggest that serotonin is being accumulated in response to this stress, though it was not quantified. Lastly, serotonin has been found to modify growth of Vicia faba L. exposed to X-ray radiation, in particular exogenously applied serotonin lead to secondary root growth, not observed in X-ray exposed plants without serotonin supplementation [82] .
Serotonin in light use, photosynthesis and seasonal rhythms
Melatonin and in turn serotonin are thought to have evolved with some of the first organisms on Earth and to have provided protection against the increasing oxygenation of the Earth's atmosphere [83] . This antioxidant protection likely contributed to the evolution of photosynthetic organisms and plants. Thus, it is not surprising that serotonin plays an important role in recognition and response to light in modern plants and the regulation of circadian and seasonal rhythms. One of the most important factors in mediation of the plant circadian clock is the red light photoreceptor, phytochrome. Serotonin has also been found to interact with and mediate phytochrome, an important signaling cascade in plants. This interaction was first elucidated in the 80's and 90's, these experiments found application of exogenous serotonin was capable of mimicking the effects of red light exposure on phytochrome leading to induction of diverse metabolic and signaling networks. Serotonin was found to both directly affect phytochrome through direct activation and modification of phytochrome I transcript levels as well modifying downstream signaling cascades. For example, a study using isolated maize protoplasts demonstrated that exogenous serotonin treatment could mimic the calcium uptake observed in light grown cultures in protoplasts that were dark-grown [84, 85] . Serotonin has also been found to enhance nitrate reductase and phosphoinositide turnover activity in maize leading to activation of phytochrome comparable to the effect of red light exposure [86] . In addition to direct activation of phytochrome, serotonin treatment was also found to increase nitrate reductase transcript levels while inhibiting accumulation of phytochrome I transcripts [86, 87] . Later experiments further demonstrated an interesting link between nitrogen metabolism, phytochrome and serotonin treatment with serotonin inducing generation of the nitrate reduction products: nitrite and ammonium ion. The increase in the former lead to inhibitory effects on phytochrome action while the latter showed a positive feedback effect. Serotonin, as well as the common anti-depressant lithium, also induced this effect via modulation of phosphinoside turnover, suggesting similar mechanisms in plants as have been identified in mammalian systems [86, 88] . In addition to simulating the effects of red light exposure in plants, endogenous serotonin levels have been found to be decreased in response to red light exposure as well as yellow or green light in Sedum morganianum E. Walther. Whether this is due to rapid serotonin metabolism or decreased biosynthesis is unclear; a reduction of T-5-H activity suggests that the latter is most likely [21] .
The capacity for serotonin treatment to mimic the effects of red light exposure also has implications on the seasonal responses of plants which include processes such as fruit ripening as discussed in previous sections, leaf senescence, development of autumn leaf colours and leaf abscission. Interactions between serotonin and the phenylpropanoids as well as the antioxidant capacity of serotonin suggest that serotonin is involved in maintenance of plant pigments including chlorophyll as well as the autumnal anthocyanins [20, 45] . In fact, serotonin has been found to be linked to slowed senescence in corn leaves via calcium signalling, interaction with phosphatidylinositol and maintenance of chlorophyll content [85] .
Mechanism of action and the search for the plant serotonin receptor
Investigations towards the existence of serotonin receptors in non-mammalian organisms suggests that serotonin receptor-mediated signaling played an important role during early stages of evolution of vertebrates and invertebrates. Though the exact function is yet to be elucidated, genomic analysis of known receptor classes suggests that organisms have been 'fine tuning' their serotonin receptors over the course of evolution [89] . To date, serotonin receptors have not been identified in plants, still it is plausible that plants were also 'fine tuning' their serotonergic systems in response to the environment. For instance studies involving the use of known antagonists and agonists for serotonin receptors have been shown to modulate developmental processes in plants [33, 35] . In addition to the above, localization of serotonin in plants at the cellular and tissue level is also not well understood. For instance, work by Ramakrishna et al (2011) observed that serotonin was most abundant in vascular tissues of organs including somatic embryos, mature roots, stem and immature fruit of coffee [36] . Furthermore, localization studies involving the downstream enzyme SNAT in susabi-nori (Pyropia yezoensis) suggests that serotonin is localized to the choloroplast or is transported there before conversion to N-acetylserotonin and later melatonin [90] . Based on the above, a wealth of work is still needed in order to understand the site of biosynthesis and mechanism of action for serotonin in plants as these studies will help researchers uncover the likely ancient role serotonin served during early stages of plant evolution.
Literature on the potential location and receptors of melatonin in plants, though also poorly defined, suggests another potential receptor for serotonin in plants. To date a single plant protein has been identified in complex with melatonin, Hyp-1, a putative pathogenesis related PR-10 type protein from H. perforatum [91] . Though serotonin was not examined in this study, this receptor subtype does represent a potential candidate class. Constitutive photomorphogenesis (COP)1 and COP9 are another class of signaling molecules which have been hypothesized to be important mediators and possible downstream effectors of a hypothesized melatonin receptor [92] . Though COP1 and 9 have not been directly connected with serotonin signaling, their association with both phytochrome signaling and melatonin signaling, two pathways known to interact with serotonin signaling in plants, means they represent another potential signaling pathway for serotonin. Another upstream inducer of COP9 is the relatively newly discovered UV-B receptor UVR8. As serotonin has been found to have light mediated effects on plant growth [21] , and to be able to mediate phytochrome action it can be hypothesized that there is a direct relationship between other light receptors and serotonin [20] . UVR8 is of particular interest with respect to serotonin as its chromophore is a series of repeated tryptophan residues. As tryptophan is a naturally UV active compound due to its aromatic structure it is able to capture UV-B light and thus induce a conformational change of the receptor which eventually triggers the COP9 signalosome [93] . The UV activity seen in tryptophan also occurs in serotonin, presenting an uninvestigated but potentially interesting concept of serotonin itself functioning as a photoreceptor in response to high light and UV stress.
Conclusion
Serotonin is increasingly being acknowledged as an important biomolecule in all kingdoms, and though research into serotonin in plants is still relatively nascent, it holds great potential for understanding how plants cope with stress, sense and respond to their environment, and provides a new layer of understanding for the processes of growth, morphogenesis and reproduction in plants. The field of phytoserotonin research undoubtedly originated from a desire to better understand our own human processes. Due to the vital role serotonin plays in human systems, researchers have been able to shed light on the roles of serotonin in plants by looking at it through a human lens, and works in vertebrates and humans and related models have provided a strong start for understanding serotonin's functions in plants. Moving forward, phytoserotonin research is beginning to depart from this framework as serotonin is found to be involved in processes which do not exist or are not understood in vertebrates. Functions such as morphogenesis and totipotency can be explored in plants and phytoserotonin research may in turn have a chance to provide some clues as to the potential for serotonin to mediate little understood processes in vertebrate systems, for example neuroplasticity and neuroregeneration as well as stem cell growth and differentiation. This is due to capacity of plant cells for indeterminate growth and totipotency, the ability of plant cells to de-differentiate and become other cell types, the basis for in vitro regeneration. As the field of plant serotonin research continues to expand it will inevitably provide not only important agricultural and industrial solutions with respect to growing higher yielding, faster growing or more tolerant plants, but it will also shed light on the greater field of fundamental serotonin research.
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